1] We determine the phase velocity and k vector for parallel and oblique broadband extremely low frequency, ELF, waves on nightside auroral magnetic field lines at altitudes around 4.6 R E . We use internal burst mode data from the EFW electric field and wave instrument onboard the Cluster spacecraft to retrieve phase differences between the four probes of the instrument. The retrieved characteristic phase velocity is of the order of the ion acoustic speed and larger than the thermal velocity of the protons. The typical wavelength obtained from interferometry is around the proton gyro radius and always larger than the Debye length. We find that in regions with essentially no suprathermal electrons above a few tens of eV the observed broadband waves above the proton gyro frequency are consistent with upgoing ion acoustic and oblique ion acoustic waves.
Introduction
[2] Broadband waves have been observed earlier by a number of satellites and rockets in the auroral region [e.g., Gurnett and Frank, 1977; Wahlund et al., 1998; Kintner et al., 2000 ]. Broadband extremely low frequency, ELF (from the ion gyro frequencies to the ion plasma frequency) waves are interesting because of their ability to interact with particles and therefore exchange energy between particle populations. Bonnell et al. [1996] used interferometry to determine the phase velocity of broadband ELF waves in the auroral ionosphere from AMICIST data. The interpretation of the rocket measurements was that the broadband emissions were electrostatic proton cyclotron waves.
[3] Backrud et al. [2004 Backrud et al. [ , 2005 used two different methods to compare wave and particle observations with theory to identify the wave modes in the observed broadband waves between 10 and 180 Hz. Both methods used the observed wave polarization and compared it with the polarization obtained from linear theory in a homogeneous plasma. In the first method, two ratios of wave field components (dE k /dE ? and dE/dB) were compared with theory and in the second method, an estimate of the distribution of energy in wave vector space using all components was performed. Both methods identified the observed broadband waves to be a mixture of ion acoustic, oblique ion acoustic and electrostatic ion cyclotron waves.
[4] In this study we use interferometry as a new, third method, to determine the wave characteristics of the observed broadband waves above the proton gyro frequency at an altitude of 4.6 R E . The event is from Cluster spacecraft 2, 14th of February 2003, and the same event observed by Cluster spacecraft 4 is analysed in detail by different methods by Backrud et al. [2005] . Earlier methods identified the broadband waves to be a mixture of electrostatic ion cyclotron waves, ion acoustic and possibly also ion Bernstein waves. This study goes one step further and determines the wavelengths and the k vectors for the observed ion acoustic waves.
Observations
[5] In this study we use data from the EFW double-probe electric field and wave instrument [Gustafsson et al., 1997] onboard Cluster spacecraft 2 [Escoubet et al., 1997] , together with observations from the PEACE electron spectrometers [Johnstone et al., 1997] . The event we present in this study occurred when the EFW instrument was in internal burst mode, i.e. with a sampling-rate of 9000 samples/second.
[6] For the event of interest, the proton gyro frequency is 7.7 Hz, the proton plasma frequency is 330 Hz and the lower hybrid frequency is around 160 Hz (assuming the plasma consists of equal amounts of H + and O + , measured by Spacecraft 4). The density is estimated to 5 cm À3 from the plasma line observed by the resonance sounder WHISPER [Décréau et al., 1997] (not shown). The ion acoustic speed (with an electron temperature of 2 keV and the mass from H + and O + ) is estimated to be around 200 km/s, which is above the thermal speed of the protons (150 km/s for 100 eV protons). The ion species and temperatures are estimated from the CIS instrument on Cluster spacecraft 4 [see also Backrud et al., 2005 ].
[7] Figure 1 shows an overview of the region in which the internal burst (highlighted in yellow in Figures 1a and 1b) take place. The electric field components are in Figure 1 sampled with 450 samples/second and band-pass filtered between 10 and 180 Hz. Since the ambient magnetic field is almost (<2°) in the spin plane, we can divide the observed electric field in the spin plane into one perpendicular and one parallel and neglect the third component since it is not measured component (see also Backrud et al. [2004] for details of the method). The parallel component ( Figure 1b) is most of the time larger than the perpendicular Figure 1a ) in regions with very few upgoing and downgoing electrons ( Figures 1c and 1d , respectively) at energies above 10 eV. Waves with larger parallel than perpendicular component are consistent ion acoustic waves and have been observed earlier in regions with essentially no suprathermal electrons between ten and a few hundred eV [Backrud et al., 2005] .
[8] The broadband waves are interpreted to be of electrostatic nature [Backrud et al., 2004 [Backrud et al., , 2005 , which implies that the waves are longitudinal with a k vector parallel to the wave electric field. In the highlighted yellow region in Figure 1 , the EFW instrument is in burst mode and it is possible to obtain the potentials from all four probes with a sampling rate of 9000 samples/second (with a 4500 Hz low-pass filter). The probe orientation is displayed in Figure 2 where the red line is the direction of the ambient magnetic field. The arrow showing the direction of the k-vector will be discussed later.
[9] Internal burst mode gives us the opportunity to compare the phase differences between the two pairs of probes, p1-p3 and p4-p2 (phase difference of the electric field obtained between probe 1 and probe 3 and the electric field obtained between probe 4 and probe 2) and also between p2-p3 and p4-p1. In this method we obtain several values of the phase velocity within one wave period by correlating the steepest gradients as well as maxima and minima of the two signals. This method is used earlier on Cluster observations of lower hybrid turbulence at the magnetopause [Vaivads et al., 2004] .
[10] Figure 3 shows 0.7 seconds of data between 14:33:08.2 -14:33:08.9 UT filtered between 40-200 Hz. Figure 3a shows the electric field derived from the signals, p13 (black line) and p23 (red line). The amplitude of the electric field derived from p23 is larger ($factor of 3) than the electric field derived from p13. Figure 3b shows the inverted parallel (black) and perpendicular (red) phase velocities for w = 2p?100 rad/s, which gives values of the phase velocities between 100 and 200 km/s. The k k /k ? ratio varies between À1 and À2.5 (as an average between 14:33:08.45 and 14:33:08.8), which means that the waves are propagating upward with an angle j of 21-45 degrees (tan(90 À j) = k k /k ? ) with respect to the ambient magnetic field. The inverse of the estimated wavelength is shown in Figure 3c and the wavelengths vary between 0.5 and 3 km.
[11] From the probe orientation ( Figure 2 ) we see that the separation vector between p2-p3 is almost parallel while p1-p3 is almost perpendicular to the ambient magnetic field. However, this is only true for this particular time displayed. During the whole interval displayed in Figure 3 , the spacecraft spins approximately 60°(clockwise in the plot) and therefore the probes change their positions relative to the ambient magnetic field. The direction of the wave vector estimated from the phase velocities in Figure 3b at 14:33:08.75 (tan(90 À j) = 0.65/0.45) is displayed in Figure 2 (black arrow).
[12] The wave vectors obtained from this first method for the whole time interval (14:33:08.2 -14:33:08.9 UT) (calculated from Figure 3 and one plotted in Figure 2 ) are consistent with ion acoustic waves or oblique ion acoustic waves. [13] In Figure 4 we have used another method, a continuous wavelet cross spectrum to estimate the phase shift between two signals between 14:33:08.7 and 14:33:08.8 UT to see how the k vector is changing with frequency. The data is sampled with 9000 samples/second and the frequency band displayed is between 40 and 1000 Hz. We have used the estimated phase shift between the electric fields derived from two probe pairs to calculate the projection K of the wave vector in two directions (one almost parallel and one almost perpendicular to the ambient magnetic field) as a function of frequency. The analysis we use is similar to the analysis performed by Pincon et al. [1997] . We assume plane waves with only one K associated with each frequency and that the wavelength is larger than the separation distance (d = 88/2 1 = 2 ) between the probes. Each time step of the wavelet analysis gives one local K-frequency spectrum, which is used to produce the wave number-frequency spectrum.
[14] The results are shown in Figure 4 where the projection of K is estimated for (a) p23-p41 and (b) p42-p13 for the frequency range 40-1000 Hz. A positive K in Figure 4a means that the wave is going from probes 2-3 to probes 4-1 while the negative K in Figure 4b means that the wave is going from probes 1-3 to probes 4-2. From Figure 3 we can see that K in Figure 4a represents an almost perpendicular component (K ? ) while Figure 4b represents an almost parallel component of K (K k ). The waves are broadbanded in the sense that they extend between 50 and 300 Hz with the most power above 60 Hz and up to the ion plasma frequency around 300 Hz. In Figure 4a , K ? is changing linearly with frequency, which corresponds to wavelengths between 3 km (60 Hz) and 1 km (150 Hz). The estimated plasma drift is approximately 3 km/s, mainly in the z gse direction, i.e. perpendicular to the spin plane and parallel to the direction of the spacecraft velocity. This implies a Doppler broadening of a few Hz at the most. In Figure 4b , K k is slightly larger than K ? and the direction of the wave is Figure 2 . The phase velocity can be estimated to around 200 km/s from the slope of the K vector as a function of frequency in Figure 4b (200 -40/(1.2-0.4) ). This is consistent with the phase velocity estimated in Figure 3 and the observed waves are interpreted, also for this second method, to be ion acoustic or oblique ion acoustic waves.
Discussion and Conclusions
[15] Previous observations of broadband waves on auroral magnetic field lines at an altitude of around 4.6R E have been identified as linear waves in homogeneous plasma [Backrud et al., 2004 [Backrud et al., , 2005 . The same author also concluded that the broadband waves are a mixture of electrostatic ion cyclotron waves, oblique ion acoustic and ion acoustic waves, i.e. waves on the same dispersion surface [André, 1985] .
[16] We use the EFW instrument onboard the Cluster spacecraft to do an interferometric determination of the phase velocity and k vector of broadband ELF waves at an altitude of about 4.6 R E in the nightside auroral region. We determine the projection of the k vector for broadband waves between 40 Hz and 300 Hz (covering the lower hybrid frequency and reaching up to the ion plasma frequency) in two different ways. The methods show good consistency and confirm that jk k /k ? j varies between 1 and 2.5. The methods also showed that the waves are upgoing with an angle of 21 -45°with respect to the ambient magnetic field, with a characteristic phase velocity of 200 km/s. This phase velocity is the same as the estimated ion acoustic speed of 200 km/s (with an electron temperature of 2 keV and the mass from equal amount of H + and O + ) but larger than the thermal velocity of the protons (150 km/s for 100 eV protons). The ion species and temperatures are estimated from the CIS instrument on Cluster spacecraft 4 [see also Backrud et al., 2005] .
[17] The wavelengths of the broadband waves in this event vary between 0.5 km and up to 3 km, which is of the same order as the proton gyro radius of 3 km (for 100 eV protons) but larger than the Debye length (150 m for n = 5 cm À3 and T e = 2 keV).
[18] Adding this together, we can confirm previously reported results of existing ion acoustic or oblique ion acoustic waves in regions void of suprathermal electrons (a few tens to a few hundred eV) on auroral magnetic field lines at altitudes of around 4.6 R E . New results in this event show that the ion acoustic waves are propagating upwards with an angle of a few tens of degrees and with a phase velocity of the order of the ion acoustic speed but slightly larger than the thermal velocity of the protons.
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